Abstract. Ordos Plateau is located in a semi-arid area in the northwest part of China, and groundwater water is the major water source to sustain the ecosystem. With the industrial construction and economic development, it is required to manage the groundwater usage reasonable. Several monitoring instruments have been installed to monitor the groundwater dynamics continuously. An ensemble Kalman filter based data assimilation method is developed to use the sequentially available monitoring data to characterize the groundwater system. To improve the algorithm stability and avoid the spurious correlation estimation, a localization function is introduced. The analysis results show the proposed EnKF method can reduce the estimation uncertainty and improve the predictability.
Introduction
Vast reserves of mineral resources, such as petroleum, natural gas, coal and halite, have been found in the Ordos Plateau in the northwest part of China. With the development of industrial infrastructure construction, agriculture and urbanization, the demand for water resources increases rapidly. However, this region is located in an arid or semi-arid area with the groundwater as the main source for water supply. Groundwater resources are critical to sustain the local fragile ecological environment. Overexploitation of groundwater may cause severe ecological damage to this area, which may reversely affect the local economic growth in the long run. To improve the groundwater resources management, it is essential to understand the groundwater dynamics accurately and make a reasonable plan on the groundwater usage.
Groundwater modeling is an effective quantitative tool to predict the groundwater system behavior. It requires a set of model parameters to characterize the physical properties of groundwater system. However, groundwater system is a complex natural system. System properties may vary dramatically in space, such as hydraulic conductivity and porosity, which makes it difficult to fully characterize the heterogeneity of the system parameters. Consequently, substantial uncertainties are associated with the prediction of system behavior in groundwater system. Stochastic analysis method has been introduced by researchers to perform groundwater modeling to cope with this issue [1, 2, 3, 4, 5] .
To constrain the system parameters and reduce the uncertainty associated with the prediction, stochastic inverse modeling has become an active research topic [6, 7, 8, 9] . It serves as a method to use measurement data to estimate the model parameters. With the deployment of the real-time sensors in the Ordos Plateau to monitoring the groundwater level fluctuation, it is required to develop a theoretical framework which has the capability to take advantage of the available monitoring data to improve the characterization of the groundwater system and aid the decision-making on the ecological system protection during the industrial construction process in this region.
The ensemble Kalman filter (EnKF) is a sequential data assimilation method, and has been widely used in meteorology and oceanography [10] , reservoir engineering [11] , and hydrology [12] . It is capable of integrating the dynamic state data into the field parameter characterization during the groundwater modeling. In the view of statistical computation, it is a non-intrusive method which makes it easy to incorporate with any already existed simulator. Furthermore, it is adaptive to the parallel computing since the model evaluation for a specific ensemble member does not interact with others, which is a notable feature especially for the large scale numerical model that is time consuming to evaluate.
The aim of paper is to develop a stochastic analysis framework for data assimilation suitable to the data collected from the groundwater monitoring technique available in this region to analyze the groundwater dynamics using the EnKF method. This paper is organized as follows: Section 2 introduces the numerical model for the research area and the theoretical background of the EnKF with localization; Section 3 demonstrates the procedures and results to assimilate the groundwater level data to characterize the heterogeneous hydraulic conductivity field; Conclusions are drawn and future work is suggested based on the analysis results in Section 4.
Methodology Site Description
Hailiutu river basin is located in the northwest part of China, as shown in Figure 1 . It is a sub-region of the Ordos plateau with an area of 2600 Km 2 . Notable agricultural activities and natural gas productions occur in this area, which demands a large amount of groundwater extraction. The average annual precipitation is about 380mm which mostly occurs from March to October, but the average annual potential evaporation is around 1900mm. This indicates that Hailiutu river basin is in a semi-arid region. The groundwater fluctuation is controlled by these recharge and evaporation processes. To collect the information on the groundwater level fluctuation, several monitoring wells has been set in this area. Here, we select two monitoring wells, i.e., well 1 and 2 as shown in Figure 1 , as data sources to perform data assimilation process, since these two wells can provide us consecutive data set for about 3 years. Geologically, this basin can be divided into two layers. The top layer is consisted of fine sand from the Shala-Usun formation aged in Quaternary period with the lacustrine origin. The bottom layer is consisted of the sandstone from the Luohe formation aged in Cretaceous period. Therefore, the top layer has a higher hydraulic conductivity and is more productive than the bottom one. No aquitard has been detected between these two layers, and hence hydraulic connection between them can be inferred. Hailiutu river flows mainly through the upper layer, but it cuts into the second layer when approaching to the end. It is necessary to build a computational model with these two geological layers and the river system involved jointly.
Numerical Model
The numerical model of the groundwater system is built with the aid of MODFLOW software. It essentially uses the finite difference method to solve the partial differential equation that governs the groundwater flow.
In the unconfined flow problem under Dupuit assumption, it can be written as
In the confined flow problem, it can be written as
which is subject to the initial and boundary conditions,
,
where h is pressure head; K is the hydraulic conductivity; W is the source/sink term; Sy is the specific yield; Ss is the specific storage;
 is the initial head;  is the prescribed head on Dirichlet boundary All the model parameters are listed in Table 1 . (9)   , ,
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In the update step, the Kalman gain is required which is a weighting matrix acting on the innovation term (the difference between measurement and prior estimation in the forecast step),   
where  is the elementwise Shur product. In this case, the Kalman gain can be rewritten as,
The update state vector is:
After a set of trial tests, a piecewise localization function is chosen to help improving the EnKF stability for this case study. 
where  is the characteristic length. Here, it is set to be 3 times as long as the integral scale.
Result and Discussion
This work uses the groundwater level monitoring data to estimate the logarithm hydraulic conductivity (LnK, considered as a Gaussian random field) distribution in the research area to improve the hydrogeological characterization using the EnKF method. To perform the EnKF method, an ensemble of 100 initial conditional realizations on the LnK measurements needs to be generated using geostatistical method. In the target zone, there exist 13 measurement data on the LnK value interpreted from transient pumping test. Based on the linear regression results on LnK measurements, it has been found that the exponential variogram function is most suitable to characterize the LnK spatial variability, and the parameter values are listed in Table 2 . Figure 4 show the ensemble mean and variance of the random log hydraulic conductivity field in the initial step of the EnKF and these after 32-step updating using the EnKF method to assimilate the observed groundwater level data in the two monitoring wells. It can be found in Figure 3 that the ensemble mean of LnK value at the initial step (as shown by Figure 3(a) for top layer and Figure 3(c) for the bottom layer) is very smooth, even though they are conditional on 13 LnK measurement data. After 32 steps of data assimilation using the EnKF method, the heterogeneity of the estimated LnK field becomes better characterized as shown in Figure 3 Figure 3 ) or ensemble variance (as shown in Figure 4 ). It is understandable because no monitoring well exists in the upper zone of the research area, and hence no information is available to update the field characterization. With the installment of more monitoring devices in this area, better estimation on the hydrogeological property can be expected.
To investigate the groundwater level prediction before and after data assimilation process, we compare the ensemble predictions in the initial and final step for the two monitoring wells. In Figure 5 , it shows that the groundwater level predictions in the initial step can not match the measurements very well because of the insufficiency of field characterization. Moreover, these 100 initial predictions are different from each other, which indicates that there are a great level of predictive uncertainty associated with the model prediction. As shown in Figure 6 , all the predictions converge together and agree with the measurements very well in the end of the data assimilation process. Therefore, the information collected from the monitoring well are fully utilized to update the field characterization, and the LnK estimation is the most optimal relative to the current available information. It can improve the groundwater level prediction and more reasonable plan on the industrial development and ecological protection can be made by the government agency based on the data assimilation analysis result using the ensemble Kalman filter method. 
Summary
In this work, a data assimilation method is developed to aid the decision making on the groundwater management in the Hailiutu river basin located in Ordos Plateau. The analysis result of this research confirms that the ensemble Kalman filter method is an effective method to improve the hydrogeological field characterization and the corresponding groundwater fluctuation prediction. To avoid the failure of the state vector correlation estimation in the EnKF method, the localization function can be introduced. With more monitoring information available, field characterization can be continuously improved since the EnKF method is a sequential method.
